The pineal hormone melatonin plays a major role in circadian sleep-wake rhythm. Patients with Chronic Kidney Disease (CKD), especially those who are on hemodialysis, frequently suffer from sleep disturbances. In this review an overview is given of the classification of stages of chronic kidney disease, followed by a presentation of the circadian rhythm disorders in renal disease involving sleep disturbances in relation to melatonin deficiency. The therapeutic benefit of melatonin treatment in sleep disorders related to chronic kidney disease including the controlled trials solving this topic, is described. Furthermore, the beneficial effect of melatonin on blood pressure alterations in CKD states and the protection of melatonin in oxidative stress and inflammation in renal disorders are explored. Finally a hypothetic model is described for the relation between circadian rhythm disorders and CKD.
Introduction
Sleep disturbances are associated with an altered sleep-wake cycle.(1) Sleep disturbances are more prevalent in patients with Chronic Kidney Disease (CKD) (2) and in the hemodialysis population in particular, than in the general population. (3, 4) Several studies on the influence of sleep problems on quality of life in patients on dialysis revealed that sleep disturbances have a major negative effect on the vitality and general health of these patients.(5) Sleep disturbances in patients on hemodialysis are caused both by renal disease and by the hemodialysis treatment itself. (6) Melatonin plays a key role in the regulation of the circadian sleep-wake rhythm. (7) This endogenous hormone is produced by the pineal gland during the hours of darkness. To study circadian rhythms, melatonin can be sampled and analysed by established methods like Radio-immunoassays (RIA) (8) and GasChromatograpy-Mass Spectrometry (GC-MS).
(9) The body fluids in which melatonin concentrations are studied most frequently, are blood and saliva. The serum concentration is 2,5 times higher than in saliva. (8) Studies that are presented in this review show that melatonin curves in patients with CKD differ from melatonin curves in healthy people.
Melatonin may be administered as a drug for its pharmacological properties on the reduction of the sleep onset latency or for its chronobiotic properties to shift the biological clock time. An overview of the effects of melatonin treatment in CKD patients with circadian sleep-wake rhythm disorders will be described in this review.
Definitions of renal disease (10, 11, 12) Chronic Kidney Disease (CKD) is defined according to the presence of markers of kidney damage in combination with the level of kidney function. Five stages of CKD are specified, although cut-off levels between stages are arbitrary. In stage 1 CKD albuminuria is accompanied by normal or only mildly diminished renal function, whereas stage 5 CKD is a severe illness and requires some form of renal replacement therapy (dialysis or renal transplantation). CKD may cause progressive loss of renal function over a period of months or years through the five stages. When CKD proceeds to stage 4-5, metabolic acidosis, abnormal serum levels of potassium, calcium and phosphate and anemia can occur. Koch et al. showed that decreased sleep efficiency is frequently reported in stage 5 CKD and that in patients with hemoglobin levels lower than 10 g/dl or patients with elevated phosphate and urea levels subjective sleep efficiency is affected negatively. (13) Long-term complications of CKD are cardiovascular disease (which is the primary cause of death in this population) and bone disease.
In stage 5 of CKD renal replacement therapy is required to clear the blood from toxic solutes and remove excess fluid. Dialysis can be performed by means of hemodialysis and peritoneal dialysis. In hemodialysis, the patient's blood is pumped through the blood compartment of a dialyzer, exposing it to a semipermeable membrane. The cleaned blood is then returned back to the patient. Hemodialysis treatments are typically given in a dialysis centre three times per week during 3-5 hours (conventional daytime hemodialysis). However, different dialysis regimens have been introduced: nocturnal dialysis (slow dialysis during 8 hours for 4-6 nights per week at home or in-centre) or short daily dialysis (5-6 times per week for 2 hours).
In peritoneal dialysis (PD), a sterile solution containing minerals and glucose is run through a tube into the peritoneal cavity, where the peritoneal membrane acts as a semipermeable membrane. The dialysate is left there for a period of time to absorb waste products.
Subsequently it is drained out through the tube and discarded. This cycle or "exchange" can be repeated manually 4-5 times during the day, which is called continuous daytime peritoneal dialysis (CAPD) or can be performed overnight with an automated system (APD). Peritoneal dialysis is less efficient than conventional daytime hemodialysis, but because it is carried out each day and for a longer period of time the net effect in terms of removal of waste products and of salt and water are similar to hemodialysis.
Circadian rhythm disorders in CKD
In recent years the importance of circadian rhythm disorders in CKD has become evident.
Disorders of the circadian rhythm might result in sleep disturbances (14) , but may disrupt several renal rhythms like urinary excretion of water and all major electrolytes as well. The circadian regulation and role of the biological clock in these renal rhythms has been well recognized. Disturbance of the renal circadian rhythm is increasingly recognized as a risk factor for hypertension, polyuria, and other diseases and may contribute to renal fibrosis.
(15)

Sleep disturbances in CKD
In patients with renal disease, circadian rhythms can be disrupted by both internal factors (e.g. biochemical parameters and melatonin) and external factors (e.g. dialysis and medications). This may lead to sleep disturbances, as is presented in (figure 1). (25) Secondly, the hemodialysis procedure is a significant physical and psychological stressor.
The stress response triggered by emotional arousal resulting in reactions like anxiety, depression and increased daytime sleepiness. (26, 27) Thirdly, hemodialysis may also affect the sleep-wake cycle by altering exposure to zeitgebers (time cues) that help set or entrain the circadian system. The time of day that treatment is given can affect an individual's wake-up time, time for physical activity, meal times, light exposure, social activities (28) 
Nocturnal melatonin levels in CKD patients
Koch et al. have described a direct association between a decrease in renal function and a decrease in melatonin production (figure 2).(38) Figure 2 illustrates that patients with a GFR<30 ml/min, i.e. the group with the worst renal function in this study, still expressed a melatonin curve with a criterion concentration in blood of at least 10 pg/ml. The time at which the value of 10 pg/ml in blood is reached is called the Dim Light Melatonin Onset (DLMO) and is the best characterisation of the 24-h melatonin rhythm, which is strongly associated with the circadian sleep-wake rhythm.
(38,39,40) However, in many CKD stage 5 (hemodialysis) patients, the normal rise above this value was not evident. In one of our studies in CKD patients, the nocturnal melatonin rise in daytime hemodialysis patients was absent.(41) In a different study by Koch et al. it was shown that the melatonin rhythm differs depending on the type of dialysis. (22) In nocturnal hemodialysis patients some nocturnal melatonin rise was found, while in daytime hemodialysis and APD patients this rise was absent. Since APD is also performed nocturnally like nocturnal hemodialysis, we had expected a nocturnal melatonin rise in this patient group as well. Given that APD patients had the best sleep of the three groups studied, we concluded that melatonin might play a subordinate role in the sleep-wake rhythm of APD patients. (22) The absence of normal nocturnal melatonin levels in endstage renal disease (ESRD) suggests a possible role for exogenous melatonin to restore the melatonin rhythm in CKD and daytime hemodialysis patients. (41) FIGURE 2. Mean serum melatonin concentrations in 4 groups with increasingly affected renal functions (n=28) The error bars reflect the standard deviations. The horizontal axis reflects the time of day (in hours). The vertical axis reflects the mean melatonin concentration in blood (in pg/ml). Reproduced with permission from (38) .
Restoring circadian rhythm disorders in renal disease
Use of exogenous melatonin to treat sleep disorders in CKD Melatonin can be used to treat sleep disorders by reducing sleep onset latency. The hypnotic effect of melatonin on sleep onset latency in healthy subjects with and without insomnia (42, 43) and in subjects with primary sleep disorders (44) is described in three meta-analyses of controlled trials. (42, 43, 44) From these studies it is concluded that exogenous melatonin is a safe and effective drug in these populations. The purpose of this study was to investigate the effects of exogenous melatonin on the sleep of patients on conventional daytime hemodialysis. In this study it was observed that treatment with melatonin resulted in normalization of sleep onset latency and a significant improvement of total sleep time, sleep efficiency and sleep fragmentation. In addition to these objective measurements subjective sleep parameters improved as well.
Furthermore the normal nocturnal melatonin rise that was absent was recovered after a few weeks of melatonin treatment (see ( figure 3) ). This endogenous rise in melatonin concentration was seen 1-2 days after patients had ceased taking their study medication. To investigate the long-term effects of melatonin administration, our group has followed 67 daytime hemodialysis patients for one year. Although a beneficial effect on sleep onset latency during the first three months of treatment was observed, this effect decreased with time. The possible reasons for this decreased efficacy have not yet been established (unpublished data).
Effect of timing of dialysis related to sleep disorders in CKD
Another interventional study of Koch et al. on sleep disorders in hemodialysis patients concerned the change from daytime dialysis to nocturnal dialysis. (49) In this study 18 patients were followed during their change from daytime hemodialysis to nocturnal dialysis. This study showed significantly improved and normalized sleep efficiency and proportions of sleep stages 3 and 4 (deep sleep) with polysomnography after 6 months of in-centre nocturnal in hospital dialysis compared to conventional daytime hemodialysis.
Patients reported improved daytime function and sleep quality when on in-centre nocturnal hemodialysis therapy in comparison to conventional daytime hemodialysis. The salivary nocturnal melatonin surge was restored with melatonin concentrations greater than DLMO levels of 4 pg/ml when on in-centre nocturnal hemodialysis therapy as is illustrated in (figure 4).
Nocturnal dialysis has an important advantage over daytime dialysis: the sleep promoting mechanisms of the dialysis treatment coincide with appropriate and conventional time of day. In this way the shift to nocturnal dialysis could restore the normal temporal relationship between the sleep period and other rhythms of the circadian system. Very likely this will result in an improved quality of both sleep and daytime functioning. These improvements could be enhanced by a markedly increased dialysis efficiency and fluid removal.
The effect of melatonin on blood pressure rhythm in CKD
In CKD patients cardiovascular mortality is the commonest cause of death. Apart from traditional risk factors of cardiovascular disease (50, 51) it is hypothesized that nontraditional risk factors, such as oxidative stress, continuous inflammation, vascular calcifications, endothelial dysfunction and anaemia contribute to the excess cardiovascular mortality in renal disease. (52) In this respect circadian rhythm of blood pressure is clinically relevant. Blood pressure shows 24-hour periodicity. Early during the night, blood pressure typically drops to its lowest values ('dip') to rise the next morning to its highest level ('surge'). Individuals who have an excessive morning surge or who lack the nocturnal dip tend to show worse cardiovascular outcomes. (53, 54) A relatively high proportion of CKD patients show an impaired diurnal blood pressure profile. (55) The prevalence of non-dipping in patients with underlying kidney disease (CKD, hemodialysis (HD) and peritoneal dialysis (PD)) is higher than in patients with essential hypertension: 53% versus 30%. Even after successful kidney transplantation, this difference persists. (56) The pathogenesis of the non-dipping phenomenon is unclear, but a relation between reduced nocturnal melatonin levels and non-dipping blood pressure can be hypothesized. This is interesting, since we have found previously that nocturnal melatonin concentrations are reduced in patients with chronic kidney disease. (38) Although no specific evidence is available on blood pressure lowering effects of melatonin in patients with CKD, clinical trials to elucidate this would be interesting, since some hypotheses can be drawn from existing animal studies and small studies in humans.
Melatonin is proposed as an additive to regular antihypertensive drugs in patients with nondipping blood pressure profile or with night-time hypertension because of its supposed antihypertensive effect. Firstly, in animal studies low melatonin levels are related to the development of hypertension. Pinealectomized rats or rats that are exposed to continuous light become melatonin deficient. This is accompanied by peripheral vasoconstriction and hypertension (reviewed in: 57). Rats with renovascular hypertension that received melatonin treatment, showed reduced blood pressure, improved left-ventricular function and alleviated oxidative injury of the kidney, heart and brain. (58) The effect of melatonin on oxidative stress in CKD In addition to its use as a chronobiotic or hypnotic to influence or restore disturbances in circadian processes in renal patients such as sleep problems, hypothetically the strong anti-oxidative properties of melatonin might be used to lower the risk of deterioration of kidney function. Melatonin exerts its anti-oxidative properties directly by scavenging free radicals, such as reactive oxygen species (ROS). It indirectly protects the function of membranous or cytosolic proteins and DNA in the cell nucleus by stimulating the upregulation of anti-oxidative enzymes and reducing lipid peroxidation. (62) Hardly any data are available on distinct renoprotective effects of melatonin in humans.
However, there is considerable evidence that oxidative stress contributes to renal injury and the administration of antioxidants exhibits beneficial effects in a number of animal models of kidney diseases (Reviewed in: 63). The therapeutic and protective effect of melatonin against this type of kidney damage has repeatedly been shown in animals. (64, 65, 66) In pinealectomized rats, the animals experienced significant kidney damage that could be prevented by the administration of exogenous melatonin. (67) Many studies have been undertaken in animal models in which oxidative stress was induced by drug toxicity. As an example, the nephrotoxic drug cisplatin induces kidney damage which can be measured by an increase in plasma creatinine and blood urea and a decreased kidney level of the antioxidant glutathione. Co-treatment with melatonin protected against the oxidative damage associated with cisplatin. (68) However, the majority of the animal studies in which the anti-oxidative effect of melatonin has been shown, was done with relatively high melatonin doses, up to 40 mg/kg. A good interpolation to corresponding human dosages is difficult. However, Agapito et al. showed that a low pharmacological dose of 50 µg/kg, which corresponds to common human dosages of 1 to 5 mg, could attenuate oxidative stress (expressed by the reduced to oxidized glutathione ratio) and the amount of lipid peroxidation products that was induced by an injection of adriamycin in rats. (69) Although on the basis of in vitro and animal studies melatonin could theoretically be a valuable supplement to attempt to prevent deterioration of kidney function by using its anti-oxidative properties, evidence in humans is scarce. While there is some evidence for the protective effect of melatonin against oxidative stress for example due to the administration of intravenous iron and recombinant human erythropoietin in hemodialysis patients (70) , there is insufficient proof to recommend taking melatonin or other antioxidative supplements with renal injury. Previously, we have measured melatonin rhythms and levels of the inflammatory markers IL-6 and TNFα. However no evidence was found to support the association between higher melatonin levels in patients with CKD and lower levels of the inflammatory markers. (38, 78) Remaining questions and future research
Inflammation in CKD in relation to circadian disturbances
In CKD a number of disturbances in (the regulation of) circadian rhythms exist. A remarkable decrease in melatonin secretion is seen in CKD patients, related to the severity of the kidney disease. The low melatonin concentrations in serum and saliva during the night, without reaching a threshold concentration of 10 pg/ml in serum or 4 pg/ml in saliva, may be the basic feature of sleep related circadian rhythm disorders in CKD patients. This may result in several concurrent pathophysiological conditions that feature CKD: high nocturnal blood pressure and oxidative stress.
The fact that administration of exogenous melatonin to hemodialysis patients improves several sleep parameters and possibly reverses non-dipping blood pressure and reduces oxidative stress, stresses the therapeutic potential of exogenous melatonin in CKD. In a study on the long term effects of melatonin in hemodialysis patients (unpublished data), it seems that this beneficial effect on sleep diminishes after daily use during more than three months. It is not known if other benefits of melatonin such as the effects on blood pressure profile and oxidative stress persist. Future research is necessary to elucidate why the sleep-related benefits of exogenous melatonin decrease. This may be related to accumulation of exogenous melatonin in CKD and therefore the loss of effect on the sleep gate (79) or may be due to melatonin receptor down regulation, which has been described before. (80) Since there are promising short term effects of melatonin on disturbed sleep in hemodialysis patients it is important to perform studies to develop the optimal melatonin treatment scheme in CKD patients, especially in patients with ESRD in whom circadian rhythm disorders are most prominent. However, to design such a study we suggest that more basic knowledge on pharmacokinetics of melatonin is needed as well as the influence of light therapy on melatonin production in this particular patient group.
Up to now, the causes of the lower melatonin levels in patients with CKD are unknown. Is (84) Melatonin is one of the hormones that is produced under circadian regulation; it is often described as a clock-hand of the biological clock. We postulate that disruption of the master biological clock, the suprachiasmatic nucleus, through impaired interaction with the peripheral biological clocks in the kidney (82) , may result in a peripheral circadian rhythm impairment. Perhaps an impaired melatonin secretion could be seen as an indicator for disruption of the biological clock like creatinine clearance is the indicator of the degree of kidney function. Hypothetically accumulation of clock-resetting compounds in the blood due to lack of proper filtration by the kidneys could lead to altered clock gene expression.
If the basis for this interrelationship between kidney function and circadian regulation is laid in the genes or in other factors that can be pointed out, this might be an important target for research or future drugs. This hypothesis is illustrated by (figure 5).
As previously stated, CKD patients suffer from chronic inflammation and a high level of oxidative stress. This results in a vicious circle of degradation of kidney tissue and deterioration of the kidney functions. It is known that melatonin has strong anti-oxidative properties and is able to decrease the negative results of oxidative stress in animal studies. Whether melatonin could be a clinically effective treatment to stop the vicious circle of oxidative stress and deterioration of kidney function remains to be elucidated.
Future research must be focused on clarification of the origin of circadian rhythm disorders in CKD and the role and impact of melatonin in the (prevention of) circadian rhythm disorders in CKD. The usage of exogenous melatonin in these disorders is a promising area of research. 
